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Objective: Polarized osteoclasts form sealing zones, (also called clear zones) detectable as actin rings, and
rufﬂed borders to resorb bone. They secrete protons and catabolic enzymes, including tartrate-resistant
acid phosphatase (TRAP), through the rufﬂed borders. We previously reported that polarized osteoclasts
develop areas of TRAP activity (TRAP-marks) when cultured on dentin slices [11]. In this study, we
examined how osteoclasts recognize dental implant materials.
Methods: Osteoclasts obtained from murine co-cultures were cultured on implant materials such as
titanium (Ti), alumina, zirconia, and sintered hydroxyapatite (sHA), in addition to dentin. Osteoclasts
were also treated with reveromycin A (RM-A), which speciﬁcally acts on polarized osteoclasts and
induces apoptosis. Polarization of osteoclasts cultured on implant materials was evaluated by measuring
actin rings, TRAP-marks, and reveromycin A-induced apoptosis.
Results: Osteoclasts formed actin rings on all substrates examined. The formation of actin rings on Ti by
osteoclasts was inhibited by the GRGDS peptide, but not by the GRGES peptide, suggesting an integrin-
mediated polarization of osteoclasts on Ti. Calcitonin, an inhibitory hormone of osteoclast function,
disrupted the actin rings that were preformed on Ti and sHA. Osteoclasts put TRAP-marks on sHA and
dentin and formed resorption pits on dentin, but failed to form resorption pits on sHA. RM-A induced
apoptosis in osteoclasts cultured on Ti and sHA; this was suppressed by calcitonin.
Conclusions: These results demonstrate that osteoclasts are able to polarize on dental implant materials
similar to the polarization observed on bone.
& 2014 Japanese Association for Oral Biology. Published by Elsevier B.V.
1. Introduction
Osteoclasts are bone-resorbing cells that have a role in bone
remodeling [1,2]. Osteoclasts have been shown to create polarized
cytoplasmic organizations such as clear zones and rufﬂed borders
to resorb bone [3,4]. The recognition of extracellular matrix proteins
containing the Arg-Gly-Asp-(RGD) sequence by integrins is the
initial step in osteoclast polarization. Osteoclasts express a large
number of αvβ3 vitronectin receptors [5,6]. The clear zone serves for
the attachment of osteoclasts to bone surfaces and for the isolation
of resorption areas under rufﬂed borders from the surroundings.
The clear zone consists of many distinct close contact points called
podosomes and is observed as a ringed structure of F-actin dots
(actin ring) [3,4]. The formation of actin rings in osteoclasts
precedes the start of bone resorption. A previous study demon-
strated that the disruption of actin rings suppressed osteoclast
function [7].
The resorption area under the rufﬂed border is acidic, which
favors dissolution of bone mineral. Vacuolar type Hþ-ATPase
(V-ATPase), which is speciﬁcally localized on the rufﬂed border
membrane, has been shown to play a role in the secretion of protons
into resorption lacunae [8]. Polarized osteoclasts also secrete cata-
bolic enzymes including tartrate-resistant acid phosphatase (TRAP)
through the rufﬂed borders in order to degrade the organic matrix
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of bone [9,10]. We previously investigated the relationship between
positions of actin rings and resorption pits in osteoclasts, using
dentin slices and osteoclasts obtained form murine co-cultures [11].
We found that pit-forming osteoclasts put TRAP activity (named
TRAP-marks) on dentin slices. The position of the actin rings
corresponded to that of TRAP-marks. Thus, the detection of TRAP-
marks on dentin slices is a simple method to conﬁrm the location of
polarized osteoclasts.
Calcitonin (CT) is a peptide hormone that inhibits the function of
osteoclasts, which generally express a large number of CT receptors
[12,13]. CT has been shown to suppress bone-resorbing activity of
osteoclasts by disrupting the formation of actin rings [14,15].
Reveromycin A (RM-A), which is produced by the genus Strepto-
myces, is an osteoclast-targeting antibiotic [16,17]. Woo et al. [17]
demonstrated that RM-A speciﬁcally induced apoptosis in function-
ing osteoclasts that secreted protons, but not in non-functional
osteoclasts. RM-A can be incorporated into osteoclasts under acidic
conditions. RM-A-induced apoptosis can be inhibited by concanamy-
cin A, an inhibitor of V-ATPase, or through the disruption of actin
rings. Therefore, CT is able to suppress RM-A-induced apoptosis in
osteoclasts by disrupting the actin rings. Osteoprotegerin is a soluble
decoy receptor for receptor activator of nuclear factor kB (RANKL), a
critical inducer of osteoclast differentiation and function [18]. Previous
studies have reported that bone resorptionwas markedly upregulated
in osteoprotegerin-deﬁcient mice [19,20]. Furthermore, in vivo
administration of RM-A to osteoprotegerin-deﬁcient mice suppressed
tooth movement induced by orthodontic forces [21].
Advances in biomaterial science and cell biology are intimately
intertwined. Elucidating the recognition mechanism for biomaterials
by host cells is an important issue for the clinical success of ortho-
pedics and dental implants. Pertinent questions include how osteo-
clasts recognize implant materials, whether osteoclasts try to resorb
implant materials, and whether osteoclasts can resorb hydroxyapatite
(HA) coated on titanium (Ti) implants. These questions are of impor-
tance, as the success of dental implants largely depends on such vital
reactions in patients. To answer these questions, we examined how
osteoclasts recognized implant materials by evaluating actin rings,
TRAP-marks, and RM-A-induced apoptosis in osteoclasts. The results
obtained demonstrated that osteoclasts have the ability to polarize on
implant materials in a manner similar to that observed on bone.
2. Materials and methods
2.1. Implant materials
Grade 2 pure Ti was purchased from Daido Steel (Nagoya, Japan).
Alumina sintered compact (alumina) and yttrium-stabilized zirconia
sintered compact (zirconia) were obtained from Taimei Chemicals
(Shimoina, Japan) and Kikusui Chemical Industries (Nagoya, Japan),
respectively. These material plates (1-mm thick) were polished using
pastes that were 1 μm in diameter and cut into small pieces
(5 mm5 mm). HA was synthesized as described previously [22].
Precipitates of HA were dry-pressed and further compacted isostati-
cally at 200 MPa. sHA was produced by heating at 1200 1C for 2 h.
Approximately 1-mm thick disks were dry cut from sHA and cut into
small pieces (3-mm squares). The surface of the sHA slices was
polished with pastes (1 μm in diameter). Dentin slices (4 mm4 mm,
0.2-mm thick) were made from an ivory block [23].
2.2. Materials for cell culture
Collagenase, calcitriol, and prostaglandin E2 were purchased
from Wako Pure Chemical (Osaka, Japan). A type I collagen gel
matrix was obtained from Nitta Gelatin (Osaka, Japan). Elcatonin,
a synthetic analog of eel CT, was kindly provided by Asahi Kasei
(Tokyo, Japan). The Gly-Arg-Gly-Asp-Ser (GRGDS) peptide and Gly-
Arg-Gly-Glu-Ser (GRGES) peptide were obtained from the Peptide
Institute (Osaka, Japan) and Peptide International (Louisville, KY,
USA), respectively. Reveromycin A (RM-A) was isolated and pur-
iﬁed from the fermentation broth of Streptomyces reveromyceticus
SN-593 strain as described previously [16]. Rhodamine-conjugated
phalloidin was obtained from Molecular Probes (Eugene, OR, USA).
2.3. Preparation of osteoclasts
Six-week-old male and newborn ddY mice were obtained from
Japan SLC (Shizuoka, Japan). Primary osteoblasts were obtained from
calvariae of newborn mice, as described previously [23]. Bone
marrow cells were obtained from the tibiae of adult mice. Osteoclasts
were prepared from co-cultures of osteoblasts and bonemarrow cells
[23]. Primary osteoblasts (1106 cells/dish) and bone marrow cells
(1107 cells/dish) were co-cultured in α-minimal essential medium
(α-MEM) containing 10% fetal bovine serum (FBS, JRH Biosciences,
Lenexa, KS, USA), 108 M calcitriol, and 106 M prostaglandin E2 in
10-cm dishes pre-coated with 0.2% type I collagen gel matrix. After
being cultured for 7 days, the cells were treated with 0.2% bacterial
collagenase. Cells recovered from the dish were suspended in 10 mL
of α-Modiﬁed Eagle's Medium (α-MEM) containing 10% FBS and used
as osteoclast preparations [23].
2.4. Identiﬁcation of actin rings
Osteoclast preparations were cultured for 1 h on slices of Ti,
alumina, zirconia, sHA, and dentin in 48-well culture plates
(0.4 ml/well). The slices were then transferred into new 48-well
culture plates and cultured in α-MEM containing 10% FBS. For
certain experiments, 108 M of CT was added to some cultures.
The GRGDS and GRGES peptides were suspended in phosphate-
buffered saline (PBS). Osteoclasts were placed on Ti in the
presence of 10% FBS with or without 1 mM GRGDS and GRGES
peptides. After being cultured for 3 or 7 h, cells were processed for
actin staining [14]. The number of osteoclasts having actin rings
was counted.
2.5. TRAP staining
Osteoclasts on dentin, Ti, and sHA were ﬁxed and processed for
TRAP staining [23]. Cells on the slices were thoroughly removed
using cotton swabs for TRAP-mark staining [11]. Slices were also
incubated with a TRAP staining solution for 30 min to detect
TRAP-marks.
2.6. Scanning electron microscopy
Cells were removed from the slices by using cotton swabs and
the ﬁne structure of lacunae on the surface of sHA and dentin were
observed. The slices were ﬁxed in 2.5% glutaraldehyde in phos-
phate buffer (pH 7.4), washed, air-dried, and coated with carbon
by using a vacuum evaporator (JEOL JEE-420, Tokyo Japan).
Surfaces of the samples were observed using SEM (JEOL JSM-
6360LA, Tokyo) with accelerating voltages of 30 kV. The working
distance was 10 mm and samples were imaged in the SE mode.
2.7. RM-A-induced apoptosis in osteoclasts
48-well culture plates were pre-coated with 150 μL of 0.2%
type I collagen gel matrix. Osteoclasts were cultured for 12 h on
plastic, collagen gel, Ti, and sHA in the presence or absence of
106 M RM-A in α-MEM containing 10% FBS. Some plates were
also treated with 108 M CT. Osteoclasts were then stained for
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TRAP. TRAP-positive cells in which the longitudinal axis of the cell
body was more than 100 μm were counted as osteoclasts.
2.8. Statistical analysis
All experiments were performed at least three times and the
results are expressed as the meansþSD for three or four cultures.
Student's t-test was used to assess statistical differences.
3. Results
3.1. Actin ring formation by osteoclasts cultured on dental materials.
We ﬁrst examined the formation of actin rings by osteoclasts
cultured on various materials such as Ti, alumina, zirconia, and sHA.
Osteoclasts formed actin rings on all the materials examined. The
actin rings were large on Ti, alumina, zirconia, and sHA, and small
on dentin. This suggests that osteoclasts may recognize some
proteins that are projected on the surface of dentin. We previously
reported that the formation of actin rings was inhibited by RGD
peptides, but not by RGE peptides [6]. Therefore, we subsequently
examined actin ring formation by osteoclasts cultured on Ti (Fig. 1B).
Osteoclasts suspended in α-MEM containing 10% FBS were cultured
for 3 or 7 h on Ti, in the presence and absence of the GRGDS peptide
or GRGES peptide. Osteoclasts formed actin rings on Ti within 3 h.
The formation of actin rings by osteoclasts after 3 h was completely
inhibited by the addition of the GRGDS peptide, but not GRGES
peptide. However, the inhibition of actin ring-formation by the RGDS
peptide slightly recovered within 7 h. These results suggested that
actin ring formation by osteoclasts on Ti may be mediated by
integrin-induced signaling and that binding of the GRGDS peptide
to integrins expressed by osteoclasts can be gradually replaced with
serum-derived RGD containing peptides on Ti.
3.2. Effects of CT on actin rings in osteoclasts cultured on Ti and sHA
We previously reported that CT disrupted actin rings formed by
osteoclasts cultured on plastic as well as on dentin [14]. Therefore,
we investigated the effect of CT on actin rings in osteoclasts
cultured on Ti and sHA (Fig. 2). Osteoclasts cultured on Ti for 8 h
formed actin rings (Fig. 2A). Treating these cultures with CT
disrupted most of the preformed actin rings within 2 h. Osteo-
clasts cultured on sHA for 8 h also formed actin rings, which were
disrupted by the addition of CT (Fig. 2B). Thus, the characteristics
of actin rings formed by osteoclasts on Ti and sHA were similar to
those formed by osteoclasts on dentin, in terms of their sensitivity
to CT.
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Fig. 1. Actin ring formation by osteoclasts on various implant materials: (A) actin ring formation by osteoclasts. Osteoclast preparations were placed on titanium (Ti), alumina,
zirconia, sintered hydroxyapatite (sHA), and dentin in the presence of 10% FBS. After being cultured for 12 h, cells were ﬁxed and stained for F-actin with rhodamine-conjugated
phalloidin. (B) Effects of the GRGDS peptide on actin ring formation in osteoclasts on Ti plates. Osteoclast preparations were placed on Ti plates in the presence of 10% FBS
together with the synthetic GRGDS peptide or GRGES peptide at 1 mM concentration. Osteoclasts were cultured for 3 or 7 h and cells were ﬁxed and stained for F-actin.
Osteoclasts having actin rings with a diameter of more than 100 μm were counted. The results are expressed as the means7S.D. of three cultures. *: po0.01.
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3.3. Detection of TRAP-marks on Ti, sHA, and dentin slices
We previously reported that polarized osteoclasts put TRAP-
marks on dentin [11]. Therefore, we examined TRAP-marks on Ti,
sHA, and dentin, after osteoclasts were cultured for 48 h (Fig. 3).
TRAP-positive osteoclasts were observed on these materials (Fig. 3
A upper panels). After the removal of cells by using cotton swabs,
the materials were subjected to TRAP staining. TRAP-marks were
observed on dentin and sHA, but not on Ti (Fig. 3A lower panels).
The size of the TRAP-marks on sHA was larger than that of the
TRAP-marks on dentin. However, the staining intensity of TRAP-
marks was greater on dentin than on sHA. TRAP-marks on Ti
appeared to have been removed by the cotton swab treatment.
3.4. Detection of resorption pits on sHA and dentin slices
Using scanning electron microscopy, we further investigated
whether osteoclasts formed resorption pits on sHA as well as on
dentin (Fig. 3B). Osteoclasts were cultured on dentin and sHA
slices. After being cultured for 48 h, cells were removed from the
slices. The slices were then processed for scanning electron
microscopy (Fig. 3B upper panels). A large number of resorption
pits were detected on dentin. However, osteoclasts failed to make
resorption pits on sHA (Fig. 3B lower panels), consistent with the
ﬁndings of previous studies [24,25].
3.5. Effects of reveromycin A on apoptosis in osteoclasts cultured on
various materials
We determined whether osteoclasts on sHA and Ti secreted
protons toward the surfaces using RM-A. We previously reported
that V-ATPase in osteoclasts cultured on plastic was localized along
the apical membrane at higher densities than along the basolateral
membrane, whereas V-ATPase in osteoclasts cultured on collagen
gel was distributed in the cytoplasm without polarity [6]. We ﬁrst
conﬁrmed whether RM-A could induce apoptosis in osteoclasts
cultured on plastic, but not in those cultured on collagen gel.
Osteoclasts were cultured on plastic and collagen gel (Fig. 4A, B),
and following treatment with RM-A, osteoclasts spread on plastic
and shrank on collagen gel, indicating that RM-A treatment induced
apoptosis in osteoclasts cultured on plastic, but not in those
cultured on collagen gel (Fig. 4A, B). CT was then added to both
plastic and collagen gel cultures. CT prevented RM-A-induced
apoptosis in osteoclasts cultured on plastic, while CT had no effect
on osteoclasts cultured on collagen gel. These results suggested that
osteoclasts cultured on plastic secreted protons toward the surface,
while those cultured on collagen gel did not. Additionally, these
results suggested that CT disrupted the polarization of osteoclasts
cultured on plastic. We then examined the effects of RM-A on
apoptosis in osteoclasts cultured on Ti and sHA in the presence or
absence of CT (Fig. 4C, D). RM-A induced apoptosis in osteoclasts
cultured on Ti and sHA, which could be suppressed by CT.
4. Discussion
Two kinds of crystals, biologically degradable and non-degrad-
able, consist of calcium and phosphate. sHA is a non-degradable
crystal. Okuda et al. [26] reported that when sHA was implanted in
rabbit femurs, osteoclasts were observed on the surface of sHA,
which remained almost unchanged until 72 weeks after implanta-
tion. Resorption pits were also absent on the surface of sHA onwhich
osteoclasts derived from newborn rabbits were cultured [24]. Two
possibilities have been suggested to explain the resistance of sHA to
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Fig. 2. Effects of Calcitonin (CT) on actin rings preformed by osteoclasts cultured on Ti and sHA. Osteoclast preparations were cultured for 8 h on Ti (A) and sHA (B) slices. CT
was added at a concentration of 108 M for 2 h where indicated. Cells were ﬁxed and processed for actin ring formation. Osteoclasts having actin rings with a diameter of
more than 100 μm were counted (lower panels). The results are expressed as the means7S.D. of three or four cultures. *: po0.01.
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biodegradability: osteoclasts cannot polarize on non-resorbable
materials, or osteoclasts can polarize on sHA but cannot resorb sHA
because of its insolubility. The results of the present study revealed
the latter as a possibility. Osteoclasts formed actin rings on sHA, and
these were sensitive to CT. Osteoclasts also put TRAP-marks on the
surface of sHA. Although osteoclasts could not form resorption pits
on sHA, RM-A induced apoptosis in osteoclasts cultured on sHA.
These results suggested that osteoclasts secrete protons and catabolic
enzymes toward the surface of sHA. Resorption pits were not
observed on sHA, which may be attributed to the acid resistance of
sHA [24].
A previous study demonstrated that osteoclasts could not
polarize on collagen gel [6]. Furthermore, osteoclasts cultured on
collagen gel failed to form actin rings [6]. We demonstrated
that osteoclasts cultured on collagen gel showed resistance to
RM-A. In contrast, osteoclasts cultured on Ti formed actin
rings, which were disrupted by CT and the GRGDS peptide. These
results indicated that the characteristics of actin rings formed on
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Fig. 3. Tartrate-resistant acid phosphatase (TRAP)-mark and resorption pit formation by osteoclasts cultured on dentin, Ti, and sHA. (A) TRAP-mark formation by osteoclasts.
Osteoclast preparations were cultured for 48 h on dentin, Ti, and sHA slices in the presence of 10% FBS. Cells were then ﬁxed and stained for TRAP (upper panels). After
osteoclasts were examined on each slice, the cells were thoroughly removed from dentin, Ti, and sHA slices with cotton swabs, and the slices were then further stained for
TRAP (lower panels). TRAP-marks are indicated by arrows. For sHA slices, the area of the upper panel is the same as that of the lower panel, and the right panels are enlarged
areas of the boxed areas of the left panels. (B) Formation of resorption pits by osteoclasts. Osteoclast preparations were cultured for 48 h on dentin and sHA. Cells were
completely removed with cotton swabs, and slices were processed for scanning electron microscopy. The right panels show the boxed areas on the left panels. Note that
many pits were observed on dentin slices, but not on sHA slices.
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Ti were similar to those of actin rings formed on bone in nature.
Apoptosis in osteoclasts cultured on Ti as well as on sHA was
induced by RM-A. These results also suggested that osteoclasts
might recognize implant materials as calciﬁed tissues and begin to
resorb them.
We attempted to determine the requirements for the polariza-
tion of osteoclasts. The results obtained in the previous study
indicated that (1) the polarization of osteoclasts was substrate-
dependent, (2) certain proteins containing the RGD sequence were
necessary for the polarization of osteoclasts, and (3) certain
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Fig. 4. Effects of reveromycin A (RM-A) on apoptosis in osteoclasts cultured on various materials. Osteoclast preparations were cultured for 8 h on plastic [A] and a collagen
gel [B]. Cells were then treated with or without 106 M RM-A. Some cultures were also treated with 108 M CT. After being cultured for 12 h, cells were ﬁxed and stained for
TRAP. TRAP-positive cells in which the longitudinal axis of the cell body was more than 100 μm were counted as living osteoclasts. The results were expressed as the
means7S.D. of four cultures. [C, D] Osteoclast preparations were cultured for 8 h on Ti [C] or sHA [B]. Cells were then treated with or without 1 mM RM-A together with or
without CT (108 M). After being cultured for 12 h, cells were ﬁxed and stained for TRAP. TRAP-positive cells in which the longitudinal axis of the cell body was more than
100 μm were counted as living osteoclasts. The results are expressed as the means7S.D. of three or four cultures. *: po0.01.
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physical properties of the substrate, such as rigidity and hardness,
were also essential [6,7]. These results raise the question of how
osteoclasts recognize physical properties of the substrate. We
previously reported that the adopter protein p130Cas (Crk-asso-
ciated substrate) was highly expressed in osteoclasts [27]. p130Cas
co-localized with actin rings, and the tyrosine residues of p130Cas
were highly phosphorylated in association with the formation of
actin rings. Sawada et al. [28] showed that p130Cas acted as a
primary mechanosensor in cells adhering to hard substrates. The
tensile force of cell adhesion induced a mechanical extension of
p130Cas, resulting in the tyrosine phosphorylation of p130Cas and
subsequent activation of downstream signaling to induce polar-
ization of osteoclasts. Thus, osteoclasts were shown to recognize
the hardness of implant materials as bone through p130Cas [29].
This mechanism must be activated in osteoclasts attaching to
surfaces of implant materials.
Osteoclastic bone resorption is tightly coupled with osteoblas-
tic bone formation [30]. Bone formation is usually observed on
cement lines, which are previously resorbed surfaces of bone.
Therefore, cement lines have been speculated to contain so-called
“coupling factors”, which promote differentiation and function of
osteoblasts. Not only bone matrix-derived factors, but also
osteoclast-secreted factors are proposed to participate in such a
coupling phenomenon [31]. Osseointegration of dental implants is
a functional connection between load-bearing implants and living
bone [32] and involves osteoblastic bone formation. In our
experiments, osteoclasts secreted protons and catabolic enzymes
toward the surface of implant materials when adhering to them.
These ﬁndings suggest that osteoclasts attached onto implant
materials may secrete some factors that promote bone formation
by osteoblasts. Further studies will elucidate the role of osteoclasts
in osseointegration of dental implants.
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